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Abstract: A novel two-stage sorption refrigeration system is established and analyzed, which is driven 7 
by heat source with the temperature lower than 100oC. CaCl2-BaCl2-NH3 is selected as the working 8 
pair whereas matrix of expanded natural graphite treated with sulfuric acid (ENG-TSA) is used for the 9 
improved heat and mass transfer performance of composite sorbent. The non-fin filling technique is 10 
adopted to decrease the mass and volume of the sorption reactor, which further improves the system 11 
compactness. Results show that two-stage sorption refrigeration system is flexibly adapted to different 12 
heat source with temperature below 100oC. COP and SCP of the novel system range from 0.185 to 0.22 13 
and from 50 W·kg-1 to 76 W·kg-1, respectively under the condition of 70oC to 90oC heat source 14 
temperature and 5oC to 10oC evaporation temperature. Performance of novel two-stage sorption 15 
refrigeration system is also compared with that of previous type by using the conventional fin tube 16 
sorption reactor based on mass and volume of the whole system. It is indicated that the highest 17 
improvement of SCPsys and VCPsys for the novel system are able to reach 28.1% and 32.5%, 18 
respectively when heat source temperature is 70oC. 19 
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Nomenclature 24 
AV ammonia valve 
c    specific heat (kJ·kg-1·K-1) 
COP coefficient of performance 
HTS high temperature salt 
LTS low temperature salt 
m mass flowrate (m3·h-1) 
P pressure (Pa) 
Q heating power (kW) 
SCP  specific cooling power (W·kg-1) 
t   time (s) 
T temperature (K) 
V valve 
VCP cooling power per unit volume (W·m-3) 
W heating or cooling power (kW) 
Subscripts 25 
c cycle 
cond condensation 
chi chilled 
dsH desorption of HTS 
dsL desorpiton of LTS 
e evaporation 
h heating 
in inlet 
out outlet 
ref refrigeration 
sH sorption of HTS 
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sL sorption of LTS 
sorb sorbent 
sys system 
tot total 
w water 
 26 
1. Introduction 27 
Low grade heat with the temperature lower than 100oC can be easily obtained, which extensively 28 
exists in industrial waste heat, geothermal and solar power[1]. For efficient utilization of low 29 
temperature heat source, sorption refrigeration characterized with simple structure, easy operation and 30 
good adaptability to heat source, is regarded as a prospective energy conversion technology[2]. The 31 
main research fields of sorption refrigeration lie on three aspects, i.e. heat and mass transfer 32 
enhancement of the sorbent[3], cycle innovation and optimization[4] as well as thermal design of 33 
sorption system[5].  34 
For evaluating the performance of the sorbent, different parameters such as thermal conductivity, 35 
permeability and sorption rate etc. are required to be considered comprehensively[6]. Among them 36 
thermal conductivity usually plays a leading role, which greatly influences system performance [3, 7]. 37 
To further improve thermal conductivity, composite sorbent has been introduced and developed. As a 38 
major matrix of composite sorbent, expanded natural graphite (ENG) has been widely investigated[8], 39 
which was first invented by Carburet company in US[9]. It is developed from the expandable graphite 40 
which is prepared by methods of electrochemistry and chemistry oxidation[10]. Early study about the 41 
consolidated composite sorbent impregnated with ENG as the matrix was investigated by Mauran et 42 
al.[11], who verified the better heat transfer performance of composite sorbent for granular CaCl2. 43 
Wang et al.[12] measured the effective thermal conductivity of ENG-CaCl2-nNH3 (n=2, 4, 8) composite 44 
sorbent by using hot wire method at a fixed pressure and temperature under ammonia atmosphere, and 45 
results were in the range from 7.05 W·m-1·K-1 to 9.2 W·m-1·K-1. Recent researches have indicated that 46 
composite sorbents could remarkably improve thermal conductivity of the granular sorbent through 47 
various matrix, whereas the best matrix was expanded natural graphite treated with sulfuric acid 48 
(ENG-TSA)[13], and it was able to improve thermal conductivity of granular CaCl2 from 0.3 W·m-1·K-1 49 
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up to about 88 W·m-1·K-1[14]. 50 
Additionally, refrigeration performance could also be improved by various advanced cycles such 51 
as heat recovery cycle, mass recovery cycle[15], thermal wave cycle[16], two-stage sorption cycle[17], 52 
resorption cycle[18], etc. Among them two-stage sorption refrigeration cycle is able to effectively 53 
reduce desorption temperature and increase sorption temperature, which demonstrates a good flexibility 54 
to external conditions. Hu et al.[19] proposed a two-stage solid sorption freezing cycle, and composite 55 
sorbents of CaCl2 and BaCl2 were selected as the working pair. Cycle sorption performance of this 56 
working pair was investigated and analyzed by using the test unit which was specially designed. After 57 
that, Wang et al.[20] established a CaCl2-BaCl2-NH3 two-stage sorption freezing machine. 58 
Experimental results revealed that compared with CaCl2-NH3 single-stage sorption freezing cycle, 59 
desorption temperature of two-stage cycle decreased from 98oC to 75oC when condensation 60 
temperature was 30oC. Compared with BaCl2-NH3 single-stage sorption freezing cycle, sorption 61 
temperature of two-stage cycle increased from 16oC to 43oC when evaporation temperature was -20oC. 62 
Jiang et al.[21] investigated and compared sorption characteristics of various two-stage working pairs 63 
i.e. CaCl2-NaBr-NH3, CaCl2-BaCl2-NH3, SrCl2-NH4Cl-NH3 as well as SrCl2-BaCl2-NH3, and pointed 64 
out the optimal working pair for different heat source temperatures.  65 
It is also worth noting that the proposed sorption cycle is required to be combined with good 66 
thermal design so that the desirable performance could be obtained. Sorption reactor usually acts as the 67 
core component of sorption system which should be given the priority in term of thermal design. Fin 68 
tube sorption reactors are common to be used for real sorption refrigeration systems, which have been 69 
investigated by various researches[22]. Two different reactor concepts, i.e. an external and integrated 70 
reactor for thermochemical energy, were investigated by Mette et al.[23]. It was indicated that 71 
performance could be improved by concepts of the developed reactor. Wang et al. investigated three 72 
different types of sorption working pairs i.e. activated carbon-methanol, chemical sorbent-ammonia 73 
and composite sorbent-ammonia, which were applied to fin tube sorption reactors for fishing boat ice 74 
maker. Results demonstrated that the highest specific cooling power (SCP) was as low as 35 W·kg-1[24]. 75 
Conventionally, SCP is calculated based on the mass of sorbent. But considering for the real world 76 
application of sorption refrigeration and thermal energy storage, mass and volume of the whole system 77 
should be taken into account[25]. Under this scenario, non-fin filling technology by compressing is 78 
conducive for system compactness. From this viewpoint, Bao et al. [26] attempted to investigate a 79 
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resorption refrigeration system for cold storage through electric heating. The compressing technique for 80 
sorption reactor was expected for the improved system performance. Results indicated that SCP of the 81 
resorption refrigeration system ranged from 87 W·kg-1 to 125 W·kg-1. Gao et al.[27] investigated a 82 
two-stage sorption freezing system for a refrigerated truck, and composite CaCl2 and MnCl2 were 83 
compressed into each unit sorption reactor. It was indicated that although the maximum SCP were 84 
obtained as 108 W·kg-1, hot air inlet temperature was as high as 270oC. Our previous work had also 85 
verified the feasibility of gradient thermal cycle by using compressing technology of composite sorbent. 86 
Results mainly demonstrated a good system performance for power and refrigeration cogeneration [28]. 87 
Nonetheless, it still remains unknown the degree of improvement between sorption reactors by using 88 
compressing technology and conventional fin tube. 89 
In this paper, a novel two-stage sorption refrigeration system is established and analyzed with heat 90 
source temperature lower than 100oC. Composite sorbents with the matrix of ENG-TSA are developed 91 
for heat and mass transfer enhancement, and CaCl2-BaCl2-NH3 is selected as the working pair. For 92 
system compactness, compressing technique is applied for sorption reactor. Performance of two-stage 93 
refrigeration system with non-fin tube sorption reactor is also compared with that of fin tube reactor.  94 
 95 
2. System description of two-stage sorption refrigerator 96 
2.1. Sorbents and reactors  97 
For two-stage sorption refrigeration, CaCl2 is selected as high temperature salts (HTS) whereas 98 
BaCl2 is chosen as low temperature salts (LTS). Thermochemical reaction processes of these two salts 99 
with ammonia can be referred to the equations 1-3. Developing processes of composite sorbents could 100 
be referred to the reference[14]. First, 2.03 kg ENG-TSA is dried in the oven with controlled 101 
temperature of 120oC for two hours, and the duration is sufficient to eliminate the mass error caused by 102 
moisture variation between samples. The oven with model of SX-20-10 is produced by Shanghai 103 
Huayan company with working temperature from environmental temperature to 1000oC. Then 4.67 kg 104 
CaCl2 and 5.6 kg BaCl2 are dissolved in the water, respectively. Afterwards, ENG-TSA is mixed in the 105 
salt solution separately. As composite sorbent is mixed thoroughly, the mixture is transferred into an 106 
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oven and dried 7-8 h at the temperature of 160oC. Finally composite sorbent is compressed into the 107 
reactor by pressing machine, which is produced by Rongmei hydraulic company with the maximum 108 
force of 10 tons. 109 
Mass ratio of salt and density are often considered to be two major factors in the development of 110 
composite sorbents. The higher density and lower mass ratio of salt are, the lower permeability and the 111 
higher thermal conductivity become. It has been proved that ENG-TSA enjoys high thermal 112 
conductivity and also have the reasonable permeability[29].  113 
22 3 3 2 3 CaCl
CaCl 4NH 4NH CaCl 8NH 4 H                      (1) 114 
22 3 2 3 BaCl
BaCl 8NH BaCl 8NH 8 H                        (2) 115 
3 3 condNH (gas) NH (liq) H                            (3) 116 
Fig.1 shows schematic diagram of unit tube sorption reactor developed by compressing 117 
technology, which is adopted for novel two-stage sorption refrigeration system. One metal tube is 118 
placed in the middle of unit tube, and then composite sorbent is compressed inside unit tube. Sorption 119 
reactor is composed of several unit tubes. Fig.2 shows schematic diagram of conventional unit fin tube 120 
sorption reactor. Bare fin tube, fin tube with sorbent and fin tube covered with coated screen are also 121 
displayed. After composite sorbent is manually squeezed into fin gaps of tubes for a certain packed 122 
density, a stainless steel mesh is used to coat the surface of fin tube to prevent agglomeration 123 
phenomenon of granular sorbent during the sorption process. The main difference between these two 124 
methods is that fin tube sorption reactor cannot reach higher filled density, which is usually no more 125 
than 450 kg·m-3. Comparably, the density could easily reach 600 kg·m-3 by using compressing method.  126 
With regard to novel two-stage sorption refrigeration system, composite CaCl2 and BaCl2 are filled 127 
into unit tubes by using compressing technology, and each tube weighs about 0.8 kg and 0.96 kg, 128 
respectively. HTS and LTS sorption reactor both contain seven unit tubes. Therefore, total mass of 129 
composite CaCl2 and BaCl2 are 5.6 kg and 6.72 kg. The density and mass ratio between salt and 130 
ENG-TSA are 600 kg·m-3 and 5:1, which can guarantee the reasonable heat and mass transfer 131 
performance of sorbent. Table 1 shows thermal conductivity of composite sorbents with different 132 
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compressing densities. Thermal conductivity is investigated by laser flash method, and the testing 133 
equipment is LFA447 instrument. It is indicated that thermal conductivity is quite sensitive to the 134 
density of composite sorbent. As for composite CaCl2 and BaCl2, thermal conductivity shows 1.5 times 135 
and 1.47 times respective increments when the density varies from 400 kg·m-3 to 600 kg·m-3, which 136 
reveals the advantages of compressing technology for unit tube when compared with conventional fin 137 
tube sorption reactor. For mechanical stabilities of composite sorbents, the crack only happens when 138 
the density is lower than 400 kg·m-3. Therefore density of samples for testing thermal conductivity is in 139 
the range from 400 kg·m-3 to 600 kg·m-3. Also considering thermal stabilities, it is worth noting that 140 
composite sorbents still show desirable results after 10 tests, which reveals good repeatability. The 141 
details for mechanical and thermal stabilities could be referred to our previous work[14]. 142 
 143 
2.2. Cycle definition and analysis 144 
Two-stage sorption refrigeration cycle is composed of both single-stage sorption refrigeration 145 
cycle and resorption refrigeration cycle. Two-stage sorption refrigeration cycle is demonstrated in Fig.3, 146 
which is composed of two sorption reactors i.e. HTS and LTS reactor, an evaporator and a condenser. 147 
The cycle is composed of two working processes. One is resorption process as shown in Fig.3a whereas 148 
the other is sorption/desorption process as shown in Fig.3b. One representative example is also 149 
provided at 83oC heat source temperature for further elaboration. 150 
 (1) Resorption process. In this process HTS reactor is heated by the external heat source with 151 
heat input of QdsH, which is simulated as low grade heat. The refrigerant i.e. ammonia will be desorbed 152 
from HTS reactor, then flows to LTS reactor at a middle pressure. LTS reactor will sorb the ammonia, 153 
and releases sorption heat of QsL to environmental sink. It is also indicated that desorption temperature 154 
of HTS reactor will be remarkably decreased by CaCl2-BaCl2-NH3 two-stage sorption refrigeration 155 
cycle when compared with CaCl2-NH3 single-stage cycle. As shown in Fig.3a, when condensation 156 
temperature is 30oC, desorption temperature will be decreased from 83oC to 70oC. 157 
 (2) Sorption/desorption process. In this process LTS reactor is heated by the external heat source. 158 
The ammonia will be desorbed to the condenser at a high pressure. Meanwhile HTS reactor is cooled 159 
by heat sink at environmental temperature and sorbs the ammonia from the evaporator at a low pressure. 160 
The evaporating process of the ammonia will produce cooling effect of Qe. In comparison with 161 
BaCl2-NH3 single-stage sorption cycle, sorption temperature of CaCl2-BaCl2-NH3 two-stage sorption 162 
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cycle is increased from 42oC to 63oC under the condition of 10oC evaporation temperature. 163 
 164 
2.3. Design and establishment of sorption refrigeration system 165 
Two-stage sorption refrigeration system is designed, and schematic diagram is shown in Fig.4. 166 
Working processes of the system are as follows: In the resorption process, water valves V2, V4, V5, 167 
V7 and ammonia valve AV1 are open, hot water from hot water tank provides desorption heat of 168 
ammoniated CaCl2. Meanwhile, cooling water from cooling tower removes sorption heat of 169 
ammoniated BaCl2. The ammonia desorbed from HTS reactor will flow to the LTS reactor through 170 
AV1, and sorption process of LTS happens simultaneously. 171 
In the desorption/sorption process, water valves V1, V3, V6, V8 and ammonia valves AV2 and 172 
AV4 are open. LTS reactor is heated by hot water, and the ammonia inside LTS reactor will be 173 
desorbed and condensed in the condenser. Meanwhile, HTS reactor is cooled by cooling water, and it 174 
sorbs the ammonia from the evaporator. The evaporating process of the ammonia inside the evaporator 175 
will produce the refrigeration power. The circuit of ethanol water solution is used for transporting the 176 
cooling capacity out of the evaporator. The refrigeration effect will be balanced by electrical heat in the 177 
ethanol tank. 178 
 179 
Fig.5 shows photo of two-stage sorption refrigeration system, which consists of the refrigerator 180 
(Fig.5a) and the main auxiliary equipment (Fig.5b). The main auxiliary equipment are composed of hot 181 
water tank, temperature control unit and cooling tower. Hot water tank is heated by the electric heater, 182 
which is simulated as low grade heat. Cooling water from a cooling tower is adopted to compensate the 183 
condensation heat of the refrigerant. The control unit controls the temperature of both hot water and 184 
cooling water, and an Agilient 34972A data collector is embedded in the control unit to monitor and log 185 
the testing data. Besides, a Julabo thermostat is also used for transporting the cooling power out of the 186 
evaporator. Pressure sensors (full scale from 0 to 2.5 MPa with tolerance of ±0.1%) are placed at the 187 
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upper position of HTS and LTS reactor. Pt100 thermal resistance temperature sensors with 0.2% 188 
accuracy are used. Flowrate of hot water and cooling water are 2.4 m3·h-1 and 3 m3·h-1, respectively 189 
while flowrate of chilled water is 0.954 m3·h-1. 190 
 191 
3. Performance evaluation 192 
The instantaneous cooling capacity of two-stage sorption refrigeration system: 193 
ref, in w,chi w,chi chi,in chi,out( )W m c T T                             (4) 194 
where mw,chi is mass flow rate of the chilled water. Cw,chi is the specific heat of chilled water. Tchi,in and 195 
Tchi,out are the inlet and outlet temperature of chilled water. 196 
The average cooling power of two-stage sorption refrigeration system: 197 
ref, in
0
ref
c
d
ct
W t
W
t


                              (5) 198 
where tc is the cycle time. 199 
The heat input of two-stage sorption refrigeration system: 200 
h h1 h2W W W                              (6) 201 
where Wh1 and Wh2 are the heat input of HTS and LTS reactor, respectively. 202 
The heat input of HTS reactor: 203 
1
w w h1,in h1,out
0
h1
c
( )d
t
m c T T t
W
t



                        (7) 204 
where mw is mass flow rate of hot water. Cw is the specific heat of hot water. Th1, in and Th1, out are the 205 
inlet and outlet hot water temperature of HTS. t1 is time for heating HTS reactor. 206 
The heat input of LTS reactor: 207 
2
w w h2,in h2,out
0
h2
c
( )d
t
m c T T t
W
t



                       (8) 208 
where Th2, in and Th2, out are the inlet and outlet hot water temperature of LTS. t2 is time for heating LTS 209 
reactor. 210 
Coefficient of performance: 211 
ref
h
W
COP
W
                                (9) 212 
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Specific cooling power per kilogram sorbent： 213 
ref
sor
totm
W
SCP                                (10) 214 
where mtot is total mass of composite sorbent, i.e. both the mass of chlorides and ENG-TSA are 215 
considered. 216 
Specific cooling power per kilogram system: 217 
ref
sys
sysm
W
SCP                                (11) 218 
where msys is total mass of two-stage sorption system, i.e. both reactors and support parts are 219 
considered. 220 
Specific cooling power per volume system: 221 
ref
sys
sysV
W
VCP                                (12) 222 
where Vsys is total volume of two-stage sorption refrigeration system. 223 
 224 
4. Experimental results and discussions 225 
Since temperarure and pressure show the similar trends under the condition of different heat 226 
source temperatures, 90oC heat source temperature and 25oC cooling water temperature are selected as 227 
a representative condition for further illustration as shown in Fig.6. Fig.6a demonstrates temperature of 228 
hot water, cooling water, HTS and LTS reactor whereas Fig.6b indicates pressure of HTS and LTS 229 
reactor. It is worth noting that the desorption and sorption process happen on the rising and declining 230 
curves alternatively, which results in the opposite temperature trends for HTS and LTS reactor. The 231 
reason is mainly because HTS and LTS reactor play different roles in the operating process. Pressure 232 
changes correspondingly with the variation of temperature. As Fig.6b shows, at the first half of the 233 
cycle from 0 min to 20 min, LTS reactor desorbs the ammonia to the condenser, which causes a 234 
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relatively higher pressure. It takes about 4 min for LTS reactor to reach the highest pressure in the 235 
desorption process. This is mainly because the desorption rate is relatively high at the beginning of the 236 
reaction process. Meanwhile, HTS reactor sorbs the ammonia from the evaporator with a relatively 237 
lower pressure. For the second half of the cycle from 20 min to 40 min, resorption process proceeds 238 
from HTS reactor to LTS reactor. Since ammonia valve is open between two sorption reactors, pressure 239 
of HTS is the same with that of LTS i.e. system pressure. When a two-stage sorption refrigeraiton cycle 240 
is finished, next cycle will begin which is similar with the previous one. Results demonstrate that 241 
pressure of HTS in the resorption process and sorption process range from 0.11 MPa to 0.51 MPa. 242 
Comparably, pressure of LTS in the resorption and desorption process range from 0.18 MPa to 1.51 243 
MPa. Cooling power is only produced in the sorption/desorption process, which results in the 244 
intermittent refrigeration process. If two-stage sorption refrigeration process is required to be 245 
continuous, four sorption reactors will be adopted for meeting the demands. 246 
For cooling power output, it usually shows the better performance when sorption time of HTS is 247 
sufficient. In this experiment, sorption time is controlled as 20 min to ensure enough cooling power 248 
output[20]. Different desorption times of HTS from 15 min to 35 min in the resorption process are 249 
investigated for system performance, which includes several important parameters such as average and 250 
the lowest outlet temperature of the evaporator as well as average and instantaneous cooling power. 251 
 Fig.7 indicates outlet temperature of the evaporator under the condition of different desorption 252 
times of HTS. Results demonstrate that the average outlet temperature of evaporator decreases with the 253 
increment of desorption time. The longer desorption time is, the longer cooling time lasts. The cooling 254 
time increases from 20 min to 28 min when desorption time increases from 15 min to 35 min. Also 255 
worth noting that at first the outlet temperature decreases sharply due to high sorption rate of HTS 256 
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reactor. With time elapsing, outlet temperature of the evaporator goes back. Thus the lowest value 257 
could be obtained for each outlet temperature curve, which indicates the limit of refrigeration 258 
temperature. It is indicated that the lowest outlet temperature becomes lower with the increment of 259 
desorption time. As marked in Fig.7, the lowest outlet temperature is 2.62oC when desorption time is 35 260 
min. The instantaneous cooling capacity of two-stage sorption refrigeration system is shown in Fig.8, 261 
which is calculated according to equation 4. Instantaneous cooling power is evaluated based on the 262 
refrigeration process not the cycle time. Different from average cooling power, instantaneous cooling 263 
power is usually used to evaluate the real-time working performance. The longer desorption time is, the 264 
lower the maximum instantaneous cooling power becomes. For 35 min desorption time of HTS, it lasts 265 
up to 19 min when instantaneous cooling power is higher than 1 kW. For different desorption times of 266 
HTS, it lasts between 8 min and 19 min, which demonstrates the effective cooling time for sorption 267 
system. With regard to the average cooling power, performance of two-stage sorption refrigeration 268 
cycle is compared with that of single-stage cycle, which is shown in Table 2. It is adjustable for the 269 
novel system to operate in different working modes. The average cooling power is usually calculated 270 
based on the cycle time, which is different from instantaneous cooling power. It is indicated that the 271 
average cooling power of two-stage sorption refrigeration cycle is much higher than that of single-stage 272 
cycle. The highest average cooling power of single-stage and two-stage sorption refrigeration cycle are 273 
able to reach 743.5 W and 917 W, respectively when desorption time of HTS is 30 min. Also worth 274 
noting that performance of 20 min desorption time is quite close to that of 25 min. For different 275 
desorption times, the average cooling power of single-stage and two-stage refrigeration cycle range 276 
from 572.7 W to 743.5 W and from 748.8 W to 917 W, respectively. If cooling capacity is required to 277 
be taken as the priority, two-stage sorption refrigeration cycle is more suitable than single-stage 278 
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sorption refrigeration cycle due to its better adaptability to severe working conditions. 279 
For two-stage sorption refrigeration cycle, SCP and COP are two major parameters for evaluating 280 
the overall refrigeration performance. Fig.9 shows COP and SCP of two-stage sorption refrigeration 281 
system under the condition of different desorption times of HTS. COP and SCP of the system increase 282 
first and then decrease with the increase of desorption time. The highest COP is 0.22 which is obtained 283 
at 20 min desorption time whereas the maximum SCP could reach 76.5 W·kg-1 which is gained at 25 284 
min desorption time. Also worth noting that refrigeration performance at 20 min and 25 min desorption 285 
time of HTS are quite close. For different desorption times, COP and SCP range from 0.19 to 0.22 and 286 
from 62.4 W·kg-1 to 76.5 W·kg-1. 287 
Since system performance of 20 min desorption time is close to that of 25 min, 20 min desorption 288 
time of HTS is selected for investigating the overall refrigeration performance under the condition of 289 
different heat source and evaporation temperatures as shown in Fig.10. 75oC to 90oC are adopted as 290 
heat source temprature whereas 5oC and 10oC are employed as evaporation temperature. Results show 291 
that COP and SCP both increase with the increment of evaporation temperature and heat source 292 
temperature. COP varies more obviously with the increment of heat source temperature than 293 
evaporation temperature. This is mainly because sorption rate is more sensitive to heat source 294 
temperature than evaporation temprature. When evaporation temperature is 5oC, COP climbs from 295 
0.185 to 0.202 while SCP rises from 50 W·kg-1 to 60 W·kg-1. Comparably, for 10oC evaporation 296 
temperature COP and SCP range from 0.202 to 0.22 and from 67 W·kg-1 to 76 W·kg-1, respectively.  297 
 Errors of the experiment are analyzed by the parameters shown in Table 3. Assuming the testing 298 
values are unrelated, errors of COP and SCP are calculated as the equation 13 and 14. It is indicated 299 
that the largest errors of COP and SCP are 7.32% and 5.43%, respectively, when heat source 300 
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temperature is 90oC.  301 
2 2 2 2 2
chi,in chi,out h,in h,out
chi,in chi,out h,in h,out
COP COP COP COP COP
COP T T T T m
T T T T m
            
                                      
      (13) 302 
22 2 2
chi,in chi,out cycle
chi,in chi,out cycle
SCP SCP SCP COP
SCP T T t m
T T t m
        
                            
          (14) 303 
 304 
In order to further illustrate the advantages of compressing technology for sorption reactor, 305 
performance of novel compact two-stage sorption refrigeration system is compared with that of our 306 
previous work by using the conventional fin tube sorption reactor[20]. Table 4 shows the main 307 
parameters of novel and previous two-stage sorption refrigeration systems. As it shows, the length and 308 
width of these two sorption refrigeration systems are almost the same. Nonetheless, the height of the 309 
previous system is twice more than that of the novel one. The reasons are elaborated as follows. Since 310 
mass of the sorbent is determined by cooling power, conventional unit fin tube of sorption reactor 311 
couldn’t be filled composite sorbent as much as novel type, which leads to more unit fin tubes for 312 
sorption reactor. Then sorption reactor should either increase diameter or increase the numbers of 313 
sorption reactors. For ammonia systems, it will be regarded as a pressure system if the diameter is not 314 
to be restricted to some extent. Therefore, it is reasonable to separate one reactor into several reactors, 315 
which results in the extra height of the previous system. One striking fact is that the total mass and 316 
volume of the novel system is decreased by 108% and 113% when compared with previous type by 317 
using the conventional fin tube sorption reactor. 318 
Performance of two-stage sorption refrigeration system is further analyzed in term of total mass 319 
and volume. Fig.11 indicates SCPsys and VCPsys under the condition of different heat source 320 
temperatures from 75oC to 90oC. For the performance of both novel and previous two-stage sorption 321 
system, the highest SCPsys and VCPsys are 25 W·kg-1 and 2000 W·m-3, which are obtained at 90oC heat 322 
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source temperature. For different heat source temperatures, SCPsys and VCPsys range from 17.2 W·kg-1 323 
to 25 W·kg-1 and 1326.5 W·m-3 to 2000 W·m-3. When heat source temperature is 70oC, the highest 324 
improvement of SCPsys and VCPsys for the novel system could reach 28.1% and 32.5%, respectively. 325 
Even the lowest improvement can still reach 26% and 30.7% at 90oC heat source temperature, which 326 
manifests the great potential for novel two-stage sorption refrigeration system. 327 
 328 
5. Conclusions 329 
 An innovative compact two-stage sorption refrigeration system is established and analyzed with 330 
the driving temperature lower than 100oC. Compressing technology is used for sorption reactor to 331 
further decease the mass of the system. Performance of novel and previous system are also compared. 332 
Conclusions are yielded as follows: 333 
[1] The average outlet temperature of evaporator decreases with the increment of desorption 334 
time of HTS. The lowest outlet temperature of the evaporator could reach 2.62oC when 335 
desorption time is 35 min. Instantaneous cooling power is usually used to evaluate the 336 
real-time working performance. The longer desorption time is, the lower the maximum 337 
instantaneous cooling power becomes. For different desorption times of HTS, it lasts 338 
between 8 min and 19 min when instantaneous cooling power higher than 1 kW. 339 
[2] The average cooling power of two-stage sorption refrigeration cycle is much higher than that 340 
of single-stage sorption refrigeration cycle. For different desorption times of HTS, average 341 
cooling power of single-stage and two-stage sorption cycle range from 572.7 W to 743.5 W 342 
and from 748.8 W to 917 W, respectively. COP and SCP of the system increase first and then 343 
decrease with the increase of desorption time of HTS. For different desorption times, COP 344 
and SCP range from 0.19 to 0.22 and from 62.4 W·kg-1 to 76.5 W·kg-1. 345 
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[3] COP and SCP both increase with the increment of evaporation temperature and heat source 346 
temperature. When evaporation temperature is 5oC, COP climbs from 0.185 to 0.202 while 347 
SCP rises from 50 W·kg-1 to 60 W·kg-1. Comparably, for 10oC evaporation temperature COP 348 
and SCP range from 0.202 to 0.22 and from 67 W·kg-1 to 76 W·kg-1, respectively.  349 
[4] Performance of novel and previous system are further compared. For different heat source 350 
temperatures, SCPsys and VCPsys range from 17.2 W·kg-1 to 25 W·kg-1 and 1326.5 W·m-3 to 351 
2000 W·m-3. When heat source temperature is 70oC, the improvement of SCPsys and VCPsys 352 
for the novel system reach the highest value of 28.1% and 32.5%, respectively. Even the 353 
lowest improvement can still reach 26% and 30.7% at 90oC heat source temperature. 354 
For unit tube of sorption reactor with a certain compressing density, two-stage sorption system can 355 
also achieve modular refrigeration, which means cooling power is directly related with quantity of unit 356 
tube. Since sorption process could also be applied for thermal energy storage, sorption reactor by using 357 
compressing technology has great potentials for the higher mass and volume energy density of the 358 
whole sorption system instead of only considering mass and volume of the sorbent.  359 
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Fig.2. Schematic diagram of conventional fin tube sorption reactor (a) schematic; (b) photo: 1-fin tube 518 
covered with coated screen; 2-fin tube with sorbent; 3-bare fin tube. 519 
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Fig.3. Principle of two-stage sorption refrigeration cycle (a) resorption process; (b)sorption/desorption 536 
process. 537 
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 Fig.4. Schematic diagram of two-stage sorption refrigeration system (a) resorption process; (b) 550 
sorption process. 551 
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(b)                                   573 
Fig.5. Photo of two-stage sorption refrigeration system (a) chiller; (b) the main auxiliary equipment. 574 
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Fig.6. Temperature and pressure of sorption reactors, hot water and cooling water  594 
(a) temperature; (b) pressure. 595 
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Fig.7. The outlet temperature of the evaporator vs. time. 606 
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Fig.8. Instantaneous cooling capacity of two-stage sorption refrigeration system vs. time. 638 
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Fig.9. COP and SCP vs. different desorption times of HTS. 660 
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Fig.10. System performance vs. different heat source temperatures (a) COP; (b) SCP. 686 
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Fig.11. SCPsys and VCPsys vs. different heat source temperatures.  697 
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Table 1. Thermal conductivity of composite sorbents for the unit tube. 749 
Type of sorbents 
Density of composite sorbents (kg·m-3) 
400 450 500 550 600 
Thermal conductivity (W·m-1·K-1) 
Composite CaCl2 12.1 14.2 18.1 23.9 30.8 
Composite BaCl2 8.89 10.2 12.9 17.1 22 
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Table 2. Comparison of average cooling power for single-stage and two-stage sorption cycle. 776 
Desorption time of HTS/min 15 20 25 30 35 
Cooling power of 
single stage/W 
683.1 706.4 743.5 711.7 572.7 
Cooling power of 
two-stage/W 
842 910 917 834.6 748.8 
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Table 3. Testing errors of the apparatus for CaCl2/BaCl2 two-stage sorption system. 803 
Apparatus Type Testing scope Error 
Temperature sensor PT100 -50℃-200oC ±0.1oC 
Pressure sensor YSZK-311 0-2.5MPa 0.2%-0.5% 
Flow meter WX32 0.1-90oC ±0.5% 
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Table 4. The main parameters of novel and previous two-stage sorption refrigeration system. 830 
Type Length(m) Width(m) Height(m) Mass(kg) Volume(m3) 
Previous system 1 0.6 1.5 75.8 0.98 
Novel system 1 0.65 0.70 36.4 0.455 
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